The optical properties of ZnO nanowires containing defects are investigated using first-principles densityfunctional theory incorporating the LDA+ U formalism. Calculations include defects in the form of substitutional N, Zn, and O vacancies as well as +1 charged O vacancy. Our calculations reveal that the presence of vacancies contribute strongly to optical absorption in the visible. Furthermore, the presence of +1 charged O vacancy is found to result in a blueshift of the absorption peaks, reducing the number of wavelengths that can be absorbed in the visible. These findings can be a useful tool for the design of new generation of materials with improved solar radiation absorption.
I. INTRODUCTION
The photoluminescence ͑PL͒ emission of ZnO films displays emission in the ultraviolet ͑UV͒ ͑380 nm͒ and green ͑535 nm͒ spectral regions. 1 The UV emission is identified as originating at the band edge of ZnO and the green emission is attributed to defect related deep levels, especially the oxygen vacancies. The defects include oxygen vacancies, zinc vacancies, zinc interstitials, oxygen interstitials, and antisite defects ͑O Zn ͒, and all these point defects are controlled by growth conditions. 2 A recent experimental work seems to suggest the presence of ionized oxygen vacancy as responsible for this luminescence in the visible. 3 In the nanowire form and at small diameters, quantum size effects are expected to influence all these applications. The quantum effects generally result in a substantial density of states ͑DOS͒ at the band edges thereby enhancing the radiative recombination due to carrier confinement. Furthermore, the recently reported stimulated emission and optical gain demonstrated in Si and CdSe nanoclusters 4, 5 has generated expectation that similar gain may also be anticipated in ZnO nanowires.
Theoretical investigations of the optical properties of ZnO nanowires have been very few. The theoretical challenge stems from the highly correlated nature of the ZnO systems. The first-principles density-functional theory ͑DFT͒ based on the local density approximation ͑LDA͒ suffers from the wellknown "gap problem." This is especially true for the highly correlated systems exhibiting strong effective Coulomb interactions between localized electrons, such as wide band-gap transition-metal oxides and perovskite-based ferroelectric materials. For these materials, LDA fails to give even reasonably accurate results for their band characteristics and especially electron energy gap values. [6] [7] [8] This is a serious drawback since the reliability of the optical calculations depends on the accurate determination of electronic band states.
An extension of the LDA method that has been found to correct this band-gap problem is the LDA+ U method, 9, 10 where the Hubbard parameter, U, is an on-site Coulomb repulsion parameter that incorporates part of the electron correlation absent in LDA. With an appropriate choice of U, as shown in the next section, the LDA+ U method can reproduce the electronic energy bands accurately.
In this work we present results of theoretical calculations of the optical properties of pristine and doped ZnO nanowires of small diameter oriented in the ͑0001͒ direction. In the next section we describe the theoretical methods used in our calculations.
II. THEORETICAL METHODS
The theoretical calculations are performed using firstprinciples DFT using the LDA+ U method implemented in the CASTEP program and employing norm-conserving pseudopotentials as implemented in the materials studio modeling and simulation software package. 11 We use this method to calculate the optical absorption coefficient since this is experimentally accessible.
While performing calculations of optical properties the common practice is to evaluate the complex dielectric con-stant, = 1 + i 2 , and then express other properties in terms of it. The imaginary part of the dielectric constant is calculated using
where û is the vector defining the polarization of the incident electric field. The sum in Eq. ͑1͒ involves k-integration over the Brillouin Zone by taking a symmetrized MonkhorstPack grid and smearing each energy level with a Gaussian spread function. After checking for convergence we use a 3 ϫ 2 ϫ 3 Monkhorst and Pack mesh containing nine k points in the irreducible part of the Brillouin zone ͑IBZ͒.
The matrix elements that are required to describe the electronic transitions in Eq. ͑1͒, ͗ k c ͉r͉ k v ͘, can be calculated in reciprocal space in a straightforward way when using local potentials. However, since nonlocal potentials are used in CASTEP, the corrected form of the matrix elements are:
Since materials such as nanowires do not display full cubic symmetry, the optical properties will display some anisotropy. This can be included in the calculations by taking the polarization ͑defined by û above͒ of the electromagnetic field into account. Therefore, when evaluating the dielectric constant there are three options for û : ͑i͒ define the direction of the electric-field vector for the light at normal incidence ͑po-larized͒, ͑ii͒ represent the direction of propagation of incident light at normal incidence while the electric-field vector is taken as an average over the plane perpendicular to this direction ͑unpolarized͒ and, ͑iii͒ represent no specified direction, while the electric-field vectors are taken as a fully isotropic average ͑polycrystalline͒. In the present work we performed optical calculations using the polycrystalline polarization where the E field vector is an isotropic average over all directions. This allows us to obtain all of the peaks seen with the different incident light directions. Reliable optical properties require an accurate determination of the electronic band gap. It should be noted that the LDA+ U does not, in general, lead to the correction of the band gap. This is true, especially in the case of ZnO, if U is incorporated only for the d states. A correct gap can be obtained, however, if in addition to the U values for the d states, U values are included for the s or p states as well. 10 With this in view, we performed extensive tests to determine the appropriate U parameters for Zn͑d͒, Zn͑s͒, and O͑p͒ that reproduced the correct energy for the Zn-3d DOS peak and the correct electronic band gap ͑3.4 eV͒ for bulk ZnO. The U values thus obtained are: U d,Zn = 10.5 eV, U s,Zn = 0, and U p,O = 7.0 eV. The LDA+ U method 13 was used to calculate the band structure, DOS, and optical properties of a ZnO nanowire ͑nw͒, ZnO nanowires containing either a single neutral oxygen ͑O͒ vacancy per supercell or a +1 charged O vacancy per supercell or a Zn-vacancy per supercell or a single N͑O͒ atom substitution per supercell. All selfconsistent calculations were carried out using a convergence criterion of 10 −6 eV. The geometric structure of each nanowire was optimized using the generalized gradient approximation ͑GGA͒ and the Perdew-Burke-Ernzerhof ͑PBE͒ correlation functional prior to performing the LDA+ U calculations. Spin-polarized LDA+ U calculations were carried out using an energy cutoff of 600 eV.
Each infinite nanowire was constructed from a supercell containing 36 atoms per cell by replication along the symmetry axis of the cell using periodic boundary conditions.
III. RESULTS
The relaxed structure of the defect-free ZnO nanowire as well as ZnO nanowires containing defects are shown in Fig.  1 . The defects include: substitutional N ͑second from the top͒, an O vacancy ͑third from the top͒, and a Zn vacancy ͑bottom͒. The buckling is evident with the Zn atoms being pulled in more toward the nanowire axis. Substitution of an O atom with an N atom, however, results in minimal structural change on relaxation. We have performed detailed analysis of electronic band structure and DOS for all these structures as well as the projected density of states ͑PDOS͒ for individual atoms. The band gap for the defect-free ZnO nanowire, 3.72 eV, is larger than that for bulk ZnO obtained with the same U parametrization. The PDOS for this nanowire shows the Zn d state to be situated deeper in the valence band and, therefore, less relevant, while the O p state to dominate the bands near the Fermi energy. Interestingly, the conduction bands show a mixture of both Zn and O orbitals. For the case of substitutional N ͑Fig. 1, second from top͒, the electronic band structure and DOS are almost identical to the defect-free ZnO nanowire. Removal of an O atom to create a vacancy, however, results in significant structural changes on relaxation. The three Zn neighbors to the removed O now The calculated optical absorption spectrum for the nanowires in Fig. 1 is shown in Fig. 2 . We obtain the spectra by calculating the imaginary part of the complex dielectric function using Eq. ͑1͒ within the spin-polarized LDA+ U method as implemented in CASTEP. The allowed transitions are determined by the nonzero matrix elements of the position operator. A total of 100 empty bands were included in the calculation with an energy cutoff of 600 eV for the optical properties for each of the ZnO nanowires. The optical calculations are performed using the "polycrystalline" polarization where the E field vector is an isotropic average over all directions. In the calculations of the spectra we use a rather small smearing of 0.02 eV in order to better distinguish the absorption peaks. As can be seen, the absorption peak for the defect-free nanowire ͑see inset to Fig. 2͒ is well below the threshold for the visible ͑400 nm͒. This is because of the relatively large band-gap value of 3.72 eV for the defect-free nanowire. The near band-edge absorption corresponding to the largest wavelength is, therefore, just above 300 nm.
While the absorption spectra for the nanowire with substitutional N shows no peaks in the visible, those for Zn and O vacancies show several relatively broader peaks in the visible. The peaks for the O vacancies are far more intense than that for the Zn-vacancy. In particular, there are three peaks showing maximum intensities at wavelengths 453, 511, and 553 nm corresponding to indigo, green, and yellow colors, respectively.
Although the absorption spectra cannot be compared directly to the photoluminescence spectra in total, nevertheless, it is interesting to discuss the theoretical absorption spectra in light of the reported experimental photoluminescence spectra of various ZnO nanostructures. While the absorption results from excitation of the electron by the incoming light, photoluminescence results from subsequent transition to lower energy levels which may also include intermediate energy levels allowed by the transition rules in addition to the original level. The ZnO nanostructures synthesized have been reported to exhibit three emissions in the visible range ͑green, yellow, and red͒ which were assigned to three different types of defects based on depth resolved cathodoluminescence and PL measurements.
14 This is in addition to the UV emission corresponding to the near band-edge emission common to these materials. In view of these our finding of ab- sorption peaks in the visible range is relevant since one of the defects responsible for photoluminescence has been identified as the O vacancy by experiments. [15] [16] [17] We have also considered the optical absorption of +1 charged O vacancy in ZnO nanowire. The absorption spectra are shown in Fig. 3 along with that of the neutral vacancy. As can be seen, while retaining absorption peaks in the visible range, there is a significant blueshift of the intensity peaks. The two main peaks at wavelengths 440 and 450 nm correspond to indigo and blue colors, respectively.
Since the electronic transitions responsible for absorption are connected to the electronic structure of the system, it is instructive to examine the band structure in the case of the O vacancy. In the left inset to Fig. 3 we show the electronic band structure for the ZnO nanowire containing neutral O vacancy, while the band structure for the +1 charged O vacancy is on the right. The valence-band maximum and the conduction band minimum of the defect-free ZnO nanowire are indicated by E V and E C , respectively. As can be seen, there are several vacancy induced states deep in the band gap that permit electronic transitions as a result of optical absorption in the visible. The allowed transitions corresponding to the absorption peaks are indicated by the arrows. In the case of the +1 charged O vacancy, the structural relaxation results in further lowering of the valence band states with the exception of the highest occupied lone band. There is a corresponding raising of the unoccupied deeper band-gap states. This in turn causes an increase in the absorption energies resulting in the blue shift of the absorption peaks, reducing the number of wavelengths that can be absorbed in the visible.
In summary, our detailed investigations of optical properties reveal that the presence of defects in ZnO nanowires in the form of vacancies contribute strongly to optical absorption in the visible. The presence of charge seems to weaken this absorption. The present findings can be a useful tool for the design of new generation of materials with improved solar radiation absorption. The geometry of nanowires offer naturally large surface to bulk ratio. Combining this feature with the creation of O vacancies can, therefore, result in maximizing solar energy absorption for useful applications.
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